Neuropsychological dysfunction accompanies approximately 65% of cases of Multiple Sclerosis (MS; see Genova, Hillary, Wylie, Rypma, & DeLuca, 2009) . It is frequently observed that processing speed, the speed with which individuals can execute elementary cognitive operations Salthouse, 1992) , is compromised in MS patients (see Rao et al., 2014) . Deficits in this basic neuropsychological ability exert deleterious effects upon day-to-day functioning and are reflected in more widespread, higher-order cognitive deficits (e.g., working memory and reasoning; see Ackerman, Beier, & Boyle, 2002; Rypma et al., 2006; Rypma & Prabhakaran, 2009; Salthouse, 1996; Salthouse & Babcock, 1991; Vernon, 1983) . To date, however, only two studies have examined the neurofunctional basis of processing speed in MS patients (Genova, Sumowski, Chiaravalloti, Voelbel, & DeLuca, 2009; Leavitt, Wylie, Genova, Chiaravalloti, & DeLuca, 2012) , and it is not known whether MS-related processing speed deficits are associated with alterations in functional neural networks. In the current study, we used functional neuroimaging to assess (a) whether MS-related changes existed in dorsolateral prefrontal networks during processing speed task performance and (b) whether MS-related changes in these networks predicted cognitive slowing.
In fMRI research, functional connectivity techniques permit observation of interregional fluctuations of blood-oxygen-level dependent (BOLD) activity. Anatomical regions, or nodes, are said to form a functionally connected network when BOLD activity across nodes shows a high degree of temporal coherence (i.e., synchrony ; Joel, Caffo, van Zijl, & Pekar, 2011) . Functional connectivity analyses have shown reduced synchronous activity in MS patients compared to healthy controls (HCs) during both resting brain states (e.g., Bonavita et al., 2011; Cruz-Gómez, VenturaCampos, Belenguer, Ávila, & Forn, 2014; Janssen, Boster, Patterson, Abduljalil, & Prakash, 2013; Roosendaal et al., 2010; Saini et al., 2004) and during task engagement (e.g., Au Duong et al., 2005; Cader, Cifelli, Abu-Omar, Palace, & Matthews, 2006; Passamonti et al., 2009) . For instance, Cruz-Gómez and colleagues (2014) demonstrated that cognitively impaired MS patients showed less functional connectivity in resting networks than their unimpaired cohorts. Similarly, Cader and colleagues (2006) showed that, during working memory task performance, dorsolateral prefrontal cortex (DLPFC) was less functionally connected with other taskrelevant regions in MS patients relative to HCs DLPFC has been characterized as an information-processing control center that mediates executive cognitive processes (e.g., Curtis & D'Esposito, 2003; Hillary, Genova, Chiaravalloti, Rypma, & DeLuca, 2006; Hubbard, Hutchson et al., 2014; Rypma et al., 2006; Rypma & Prabhakaran, 2009 ). This executive center interacts with memory, motor, and sensory structures to direct thought and action in accordance with internal goal-states. As such, DLPFC acts as a hub within a rich network of connections; it receives input from sensory projections and has direct connections with regions relevant to behavioral response (e.g., premotor regions, frontal eye fields, cerebellum, and basal ganglia; see Miller & Cohen, 2001 ). Thus, both the magnitude of activity in DLPFC and connectivity with DLPFC have been implicated in processing speed and higher order cognitive processes (Hillary et al., 2006; Rypma et al., 2006; Rypma & Prabhakaran, 2009) .
One study has examined processing speed performance and the magnitude of BOLD activity in MS patients (Genova, Sumowski et al., 2009) . During processing speed performance, MS patients had significantly less BOLD activity than HCs in Brodmann's Area 9 (BA 9), the superior portion of DLPFC. The two groups were similar in task accuracy, but MS patients were slower to respond compared to HCs (Genova, Sumowski et al., 2009 ). It is not yet known whether MS patients show systemic alterations in functional connectivity with DLPFC during processing speed performance. Such alterations could slow information processing in MS (cf. Rypma et al., 2006; Rypma & Prabhakaran, 2009 ). Thus, we sought to evaluate whether MS-related disparities in DLPFC functional connectivity existed and whether these disparities could predict MS patients' processing speed performance.
Processing speed performance is associated with BOLD activity and connectivity in DLPFC (e.g., Rypma et al., 2006; Rypma & Prabhakaran, 2009) . MS patients have shown attenuated BOLD activity in DLPFC compared to controls. However, it is not yet known whether there are relative connectivity deficits with DLPFC in MS patients compared to HCs during processing speed performance.
In the current study, we examined processing speed performance of MS patients and HCs both during scanning and outside of the imaging environment. We assessed DLPFC (i.e., BA 9) connectivity during DSST performance at the group level. We then examined whether MS patients and HCs differed in their extent of connectivity with DLPFC. We predicted that MS patients would show reduced functional connectivity with DLPFC during processing speed performance compared to HCs. Further, we assessed the extent to which connectivity with DLPFC in group-disparate regions (i.e., regions where MS patients and HCs significantly differed) could predict processing speed performance both in and out of the imaging environment. We predicted that MS patients with a pattern of DLPFC connectivity less like that of HCs, reflecting reduced executive connections, would show more cognitive slowing compared to MS patients with a more typical pattern of DLPFC connectivity. Finally, several analyses (random seed analyses, DLPFC BOLD activity analyses, lesion burden and other MS-related factor associations with connectivity) were undertaken to ensure that our results were specific to DLPFC network dysfunction and not due to other MS-related factors.
Method and Materials

Participants and Procedure
Thirty patients with relapsing-remitting MS were recruited for this study. One patient was excluded for taking psychostimulant medication immediately prior to scanning (n ϭ 29). We required that patients were at least 1 month past a previous exacerbation and use of corticosteroids (see Mezei et al., 2013) . Twenty-five age-, education-, and sex-matched HCs who responded to advertisements distributed throughout the Dallas-Fort Worth Metroplex were recruited. One HC was excluded for a history of seizures and one was excluded for image registration failure (n ϭ 23). Thus, there were 52 participants in total included in this study (N ϭ 52; see Table 1 for characteristics). Participants were screened for possible imaging contraindications. Participants included in the study had normal or corrected-to-normal vision. Those included in the study were administered portions of the brief neuropsychological battery (Rao, 1990) and several other measures as part of a This document is copyrighted by the American Psychological Association or one of its allied publishers.
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2 larger series of studies (see Table 2 ), and underwent structural and functional imaging. Participants gave informed consent before undergoing any procedure. All procedures were approved by the governing Institutional Review Board.
Behavioral Measurement
Before scanning, participants completed practice runs of the processing speed task (i.e., digit-symbol substitution task [DSST]; Rypma et al., 2006) . Practice was discontinued after several successive, accurate trials. For the actual task, participants completed three runs (75 trials per run) of an event-related DSST . In each trial, participants viewed a key of nine digitsymbol pairs and one probe digit-symbol pair for 4,000 ms (see Figure 1 ). Participants were instructed to indicate as quickly and accurately as possible via left-or right-thumb button-press whether the probe digit-symbol pair matched one of the digit-symbol pairs in the key. Intertrial intervals were jittered at 0, 2, 4, and 6 s intervals. Accuracy and reaction time (RT) were recorded. RT was calculated for both groups only for correct responses. Further, as a measure of external validity, we examined processing speed performance outside of the fMRI environment.
Participants completed a symbol-digit modalities task (Smith, 1991) outside of the imaging environment. This task was similar to the DSST in that participants were given a 9-item symbol-digit key and asked to complete probe symbol-digit pairs. However, in contrast to the jittered trials and button-press responses of the DSST, the symbol-digit modalities task required oral completion of as many symbol-digit probes as possible within a 90-second window. Two MS patients were not administered this measure (n ϭ 27).
Image Acquisition
Imaging was performed using a Phillips 3Tesla scanner (Philips Medical Systems, Best, The Netherlands) with an 8-channel SENSE head coil. Anatomical data were acquired using a T1-weighted magnetization-prepared rapid acquisition of gradient echo (MPRAGE) pulse sequence (Brant-Zawadzki, Gillan, & Nitz, 1992) . MPRAGE scans were acquired using the following parameters: 160 slices/volume, sagittal slice orientation, 1 ϫ 1 ϫ 1 mm voxel, 12°flip angle, echo time (TE) ϭ 3.7 ms, repetition time (TR) ϭ 8.1 ms 256 ϫ 204 matrix, 237-s scan duration. Three runs of functional data were acquired using single-shot, gradient echo planar sequence with the following parameters: BOLD signal type, TE ϭ 30 ms, TR ϭ 2,000 ms, 39 slices/volume, transverse slice orientation, 3.43 ϫ 3.43 ϫ 4 mm voxel, 70°flip angle, 64 ϫ 64 matrix, 300-s run duration. One T2-fluid attenuated inversion recovery (FLAIR) image was acquired for T2-FLAIR data were acquired for 48 participants (n MS ϭ 26; n HC ϭ 22) with the following parameters: TE ϭ 125 ms, TR ϭ 11,000 ms, 33 slices, 0 mm slice gap, transverse slice orientation, 1.00 ϫ 1.00 ϫ 5.00 mm voxel, 120°refocusing angle, 352 ϫ 212 matrix.
Functional Image Processing
Data were processed in AFNI (Analysis of Functional NeuroImages; Cox, 1996) using the align_epi_anat.py program. The Figure 1 . Example of digit-symbol substitution task item. Participants were asked to identify quickly and accurately whether the probe digitsymbol pair (bottom) matched the digit-symbol pair in the key (top). This article is intended solely for the personal use of the individual user and is not to be disseminated broadly.
functional data were time-shifted. Motion was corrected using a rigid-body (6 degrees of freedom), least-squares transformation. This procedure attenuated motion effects by coregistering all volumes to the first volume of the first run of the DSST, ensuring that possible movements did not result in incongruent voxel matrices between separate volumes. Groups did not significantly differ in any of the six rigid-body head motion parameters or total framewise displacement (see online Supplemental Material A; Power, Barnes, Snyder, Schlaggar, & Petersen, 2012) . The skull was removed from the MPRAGE image and the motion-corrected functional volumes were aligned to the MPRAGE image using a local Pearson correlation cost functions with 45 degrees of freedom, a 45-mm search parameter, and a center of mass adjustment. The functional data were high-pass filtered (0.015625 Hz) removing a large portion of the noise spectrum (Ͻ .008 Hz), increasing the signal-to-noise ratio of these data. Data were also spatially smoothed (full width at half maximum ϭ 6 mm) to increase the signal-to-noise ratio. Further, each MPRAGE was warped to the Colin TTN27 template using the AFNI @auto_tlrc program. Subsequently, each participant's functional data were warped to his or her MPRAGE within Colin space using the @auto_tlrc program. Spatial normalization allowed for demarcations of regions of interests using standard stereotaxic coordinates (Talairach & Tournoux, 1988) while also maintaining our functional voxel size (3.43 ϫ 3.43 ϫ 4.00 mm).
Regions of interest were drawn automatically from the Colin brain using the AFNI Talairach Daemon, which provided an unfilled, cortical map of left BA 9 and right BA 9, the superior constituent of DLPFC (Brodmann, 1909 (Brodmann, /2006 . These maps were subsequently fractionized (3dfractionize) to fit our functional image voxel size (left BA 9 ϭ 647 voxels, right BA 9 ϭ 663). The functional data were then averaged across the three runs and the average time-series was extracted from two seed regions: left and right BA 9.
We examined the extent to which each voxel covaried with the average left and right BA 9 time series using voxelwise Pearson product-moment correlations (Biswal, Yetkin, Haughton, & Hyde, 1995) . These voxelwise correlations were transformed to z-scores using Fisher's z transformation (Fisher, 1915) . This procedure yielded right and left BA 9 connectivity z-scores for each voxel.
Lesion Burden Quantification
The skull was completely removed from each participant's FLAIR image using a semiautomated procedure. Hyperintensities were defined as exhibiting FLAIR signal intensity greater than 2 SDs above the mean on each slice. These hyperintensities were then manually delineated as lesions by ruling out spurious voxels owing to fat signal, motion, ventricular edge effects, or coil sensitivity inhomogeneities (Hart Jr. et al., 2013) . Hyperintensities in contact with a ventricle were qualified as periventricular lesions (PVLs). Hyperintensities not confluent with the margins of the ventricles or a PVL were considered deep white matter lesions (DWMLs). Lesion burden was acquired by adding the number of voxels demarcated as PVLs, DWMLs, and the addition of the two (Total white matter lesion [TWML] burden). Interrater agreement of lesion burden was calculated using the Dice ratio of PVL, DWML, and TWML volume estimates by two independent raters (L.O. and J.S.; Dice, 1945) :
where was determined as twice the overlapping voxels determined as lesions from raters 1 and 2 divided by the sum of individual voxels demarcated as lesions by each reviewer (Zhang et al., 2007) . Ͼ .70 indicates excellent interrater agreement (Zhang et al., 2007) . For PVLs, DWMLs, and TWMLs equaled .91, .86, .89, respectively.
Measures and Statistical Analyses
Behavioral analyses. Neuropsychological measures were scored according to standard protocols associated with each test (e.g., Rao, 1990) . Cognitive impairment status was assessed from these tests based upon 2 SDs outside of published norms (see online Supplemental Material B; Chiaravalloti et al., 2005; Boringa et al., 2001; Tombaugh, 2004) . DSST accuracy was calculated as the percent of correct trials. DSST RT per trial average was calculated as the time in milliseconds, following stimulus onset, to produce a correct response (see Rypma et al., 2006; Rypma & Prabhakaran, 2009) . Processing speed on the symboldigit modalities test was measured based upon the total number of correct items completed within the 90 s administration time.
DLPFC within-group task-based connectivity. We used a single-sample t test to assess voxelwise connectivity with left and right BA 9 for MS patients and HCs. To avoid redundant correlations, voxels contained within left and right BA 9 were removed from their respective connectivity maps in which these regions were the seeds. Voxel-wise maps were thresholded so that only voxels with a large-effect relationship (i.e., z-score Ն .549, r Ն .500; Cohen, 1988) with left or right BA 9 were retained (p Յ 8.0 ϫ 10 Ϫ11 ). Clusters were required to be comprised of at least 10 contiguous voxels to ensure each node extracted had meaningful mass (տ 470 mm 3 ). This procedure was undertaken for two reasons. The first was that standard connectivity methods do not normally filter out the physiologic noise spectrum (e.g., cardiac [Ϸ 1 Hz] and respiratory pulsations [Ϸ .25 Hz]), which could result in low, but statistically significant spurious correlations (e.g., Shmueli et al., 2007) . Such correlations might also occur from head motion (e.g., Power et al., 2012) . The second reason was that these thresholds were applied so as to only show top nodes within the DLPFC network (i.e., those that share at least 25% of their timeseries variance with DLPFC).
We further assessed whether motion effects, as measured by framewise displacement (see Power et al., 2012 for detailed description), affected voxelwise connectivity with left and right BA 9. We utilized the AFNI 3dTcorrMap program to derive average connectivity of each voxel with all other voxels in the brain. This allowed for an average coefficient of connectivity for left and right BA 9 with all other voxels in the brain. DLPFC between-groups task-based connectivity. MS is associated with neural and vascular changes (e.g., D'haeseleer, Cambron, Vanopdenbosch, & De Keyser, 2011; De Keyser, Steen, Mostert, & Koch, 2008; Marshall et al., 2014; Trapp & Nave, 2008) . Further, prior research has shown attenuated BOLD activity in BA 9 for MS patients compared to HCs (Genova, Sumowski et al., 2009 ). Thus, it is possible that MS patients in this study could show attenuated voxelwise correlations with BA 9 compared to This document is copyrighted by the American Psychological Association or one of its allied publishers.
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HCs due to restriction of hemodynamic activity across these time courses.
Before undertaking group comparisons we sought to ensure that both groups had similar BOLD variability within BA 9 time series. Briefly, association measures such as the Pearson product-moment correlation rely upon sufficient variability in order to show substantive relationships (i.e., restriction of range; Alexander, Allinger, & Hanges, 1984) . Decreases in variability for one group compared to another might artificially attenuate these associations (i.e., the estimates of connectivity) for one group compared to another. Thus, to ensure that possible changes in BOLD connectivity were not an artifact of possible MS-related changes in BOLD variability, we compared changes in BOLD activity across all time points, between groups. This ⌬BOLD method (cf. Kannurpatti & Biswal, 2008; Kannurpatti, Rypma, & Biswal, 2012 ) characterizes fluctuations of BOLD activity across the time series and is calculated using the standard deviation of each time series of interest.
For between-groups connectivity analyses, we utilized voxelwise independent samples t tests to examine the extent to which MS patients and HCs differed in connectivity with right and left BA 9. To establish between-groups effects we used cluster-extent thresholding via AFNI's 3dClustSim program to determine the probability of finding a significant noise-only cluster given a standard (64 ϫ 64) grid, our specified smoothing kernel (fullwidth at half maximum ϭ 6 mm), and a p value of p ϭ .005. Given these parameters, we used a cluster size of at least 23 contiguous voxels (k Ն 23) to correct for familywise error rate (p Ͻ .05).
DLPFC network disparity and processing speed performance. We assessed whether z-connectivity scores in group-disparate networks could significantly predict processing speed performance. To accomplish this, we averaged each individual's z-connectivity score for each group-disparate node separately for left and right BA 9. Thus, each participant had two "group-disparate network" z-connectivity scores, one z-score quantifying connectivity with left BA 9 and one z-score quantifying connectivity with right BA 9. At the group-level, we had smaller sample sizes (e.g., n MS ϭ 29; n HC ϭ 23). Least-squares regression tests can be influenced to a great extent by multivariate outliers, particularly for such smaller sample sizes. Thus, in testing subsequent hypotheses we selected a procedure for generating p values and rejecting null hypotheses that is more robust than standard hypothesis testing procedures to smaller sample sizes and outlier influences. We used p values derived from a 10,000 iteration (B ϭ 10,000) bootstrap resampling procedure (see Effron, 1982) for group examinations.
Random seed connectivity. Because MS is associated with connectivity disparities in general, it is possible that any group effects are not unique to connections with BA 9, but rather are indexing brain-wide asynchrony associated with the degree of pathological insult. Thus, it might be that (a) task-related connectivity disparities are not unique to BA 9 networks and (b) the degree of asynchrony between any brain regions is reflective of neurological insult in MS, resulting in processing speed deficits (cf. Rao et al., 2014) . We tested these alternative hypotheses by selecting a region of interest at random and examining group differences in connectivity with the random seed and whether possible group-disparate connections with the random seed could predict performance. We used a random number generator to select our seed region from a pool of 23 BAs not found in the prior analyses to connect to BA 9. This procedure produced BA 34 (left 85 voxels, right 87 voxels), a portion of the entorhinal cortex, for our random seed region. Table 3 and Figure 2 , and Table 4 and Figure 3 illustrate significant nodes for MS patients and HCs, respectively. Framewise displacement was not significantly related to voxelwise connectivity with left (r ϭ Ϫ.01) or right (r ϭ Ϫ.04) BA 9 at the sample level. This relationship further failed to reach significance Note. Listed are anatomical regions (Nearest Brodmann's Area within 5 mm), Talaraich coordinates of the peak voxel in each cluster, voxel counts of each cluster, and the peak voxel single-sample t-score of the peak voxel of each cluster. BA 9 ϭ Brodmann's Area 9. Significance was assessed at p ϭ 8.0 ϫ 10 -11 , k Ն 10. This document is copyrighted by the American Psychological Association or one of its allied publishers.
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Behavioral
DLPFC Within-Group Task-Based Connectivity Analysis
This article is intended solely for the personal use of the individual user and is not to be disseminated broadly. (Figure 4 and Table 5 ). In all group-disparate nodes, MS patients showed significantly less connectivity with BA 9 compared to HCs. Participant movement, as measured by framewise displacement, was not significantly related to group-disparate network z-connectivity in left (r ϭ Ϫ.01) or right (r ϭ .03) BA 9 (ps Ͼ .05). This relationship also failed to reach significance at the group level (left r MS ϭ Ϫ.12; right r MS ϭ Ϫ .20; left r HC ϭ Ϫ.02; right r HC ϭ .20; ps Ͼ .05).
DLPFC Network Disparity and Processing Speed Performance
For the entire sample, group-disparate network z-connectivity with left and right BA 9 significantly predicted DSST RT, ␤ Left ϭ Ϫ570.58, t (51) Figures 5A and B) . We further sought to assess whether disparate network z-connectivity predicted symbol-digit modalities task performance.
Disparate network z-connectivity with left and right BA 9 significantly predicted symbol-digit modalities task performance in the entire sample, ␤ Left ϭ 21.55, t(51) ϭ 2.64, p ϭ .011, ␤ Right ϭ 29.97, t(51) ϭ 3.78, p Ͻ .001. We also assessed these effects at the group level. HCs did not show a significant relationship between disparate network z-connectivity in left and right BA 9 and symbol-digit modalities task performance, ␤ Left ϭ Ϫ2.09, t (22) 
Random Seed Task-Based Connectivity and Processing Speed Performance
We examined whether there was group-disparate connectivity with left and right BA 34 using the same methods described for BA 9. MS patients showed attenuated connectivity with left BA 34 in a single node compared to HCs (see Table 6 ). No significant group differences were found in connectivity with right BA 34. Using similar procedures as those used with left and right BA 9, connectivity in the group-disparate node with left BA 34 failed to significantly predict performance on either DSST or symbol-digit modalities task performance across the whole sample (ps Ͼ .05) and at the group-level (all bootstrap ps Ͼ .05).
DLPFC BOLD Activity and Processing Speed Performance
We sought to characterize the extent to which the groups differed in DLPFC BOLD activity and examined the extent to which MS-related DLPFC BOLD activity could predict processing speed performance (see online Supplemental Material C for expanded methods). Our methods yielded task-related peak BOLD activity in percent signal change from baseline. We found that peak BOLD activity was significantly attenuated for MS patients compared to (50) ϭ Ϫ2.28, p ϭ .027. However, left and right DLPFC peak BOLD activity did not significantly predict symbol-digit modalities performance (ps Ͼ .05). At the group level, neither left nor right DLPFC peak BOLD activity significantly predicted HCs' or MS patients' DSST or symboldigit modalities performance (all bootstrap ps Ͼ .05). These results indicated that DLPFC BOLD activity changes in MS patients could not have mediated the observed relationship between groupdisparate DLPFC connectivity and processing speed performance (see Baron & Kenny, 1986) . Ϫ11 , k Ն 10). Node size reflects voxels retained in node. Number in node reflects Brodmann's Area. Node placement centered on proximal peak voxel, X and Y Talaraich coordinates. c ϭ caudate, py ϭ pyramidis, u ϭ uvula.
ϭ right BA 9, ϭ left BA 9, ϭ caudate, ϭ cingulate gyrus, ϭ inferior frontal gyrus, ϭ inferior parietal lobule, ϭ medial frontal gyrus, ϭ middle frontal gyrus, ϭ precuneus, ϭ postcentral gyrus, ϭ posterior cingulate, ϭ pyramis, ϭ superior parietal lobule, ϭ uvula. This document is copyrighted by the American Psychological Association or one of its allied publishers.
This article is intended solely for the personal use of the individual user and is not to be disseminated broadly. Lesion burden did not significantly predict group-disparate network z-connectivity with left and right BA 9 for HCs or MS patients (all bootstrapped ps Ͼ .05). Clinical associations (i.e., Disease Duration, EDSS, Time Since Last Exacerbation, or Immunomodulatory Therapy Status) with left and right BA 9 failed to reach significance (see online Supplemental Material D).
Discussion
In this study, we compared MS patients and HCs on measures of processing speed (DSST and symbol-digit modalities task) and taskbased functional connectivity. Consistent with prior research (see Rao et al., 2014) , MS patients had slower processing speed performance on tasks both in (i.e., DSST) and out (i.e., symbol-digit modalities test) of the imaging environment. Within-group functional connectivity results showed that MS patients and HCs both had significant connections with left and right DLPFC during DSST performance. However, between-groups connectivity analyses revealed that MS patients had significantly attenuated functional connections with left and right DLPFC compared to HCs. These nodes of decreased connectivity corresponded to regions whose functions are known to be important for execution of processing speed tasks: secondary visual (BAs 18 and 19), visual search (BA 7), object recognition (BA 37), motor initiation (declive), motor execution (putamen), pre-and supplementary motor (BA 6), and motor (BA 4) regions. Indeed, less connectivity with DLPFC in these group-disparate networks resulted in slower processing speed performance for MS patients. These results supported our hypothesis that MS patients with DLPFC connectivity patterns more similar to those of HCs (i.e., stronger connections with DLPFC in task-relevant regions) would exhibit less cognitive slowing. Note. Listed are anatomical regions (Nearest Brodmann's Area within 5 mm), Talaraich coordinates of the peak voxel in each cluster, voxel counts of each cluster, and the peak voxel single-sample t-score of the peak voxel of each cluster. BA 9 ϭ Brodmann's Area 9. Significance was assessed at p ϭ 8.0 ϫ 10 -11 , k Ն 10.
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Random seed analyses suggested that MS-related processing speed deficits were uniquely related to group-disparate network connectivity with DLPFC. Results showed that the relationship between MS-related cognitive slowing and DLPFC network connectivity was not mediated by DLPFC BOLD activity. Lesion burden and other MS-related factors (see online Supplemental Material) were not significantly related to group-disparate network connectivity with DLPFC. These results preclude mediation of the relationship between MS-related cognitive slowing and DLPFC network connectivity by these factors (see Baron & Kenny, 1986) . Taken together, these results suggest that the relationship between DLPFC network connectivity and processing speed was not confounded by the MS-related variables assessed here.
DLPFC controls the flow of neural activity through task-specific networks in order to execute task goals (cf. Miller & Cohen, 2001 ). Functional connections with DLPFC are known to predict processing speed performance (Biswal, Eldreth, Motes, & Rypma, 2010; Rypma et al., 2006; Rypma & Prabhakaran, 2009) . For example, Rypma and colleagues (2006) showed that the number of efferent connections from DLPFC to task-related regions accounted for a significant proportion of the variance in participants' processing speed performance on the DSST. They postulated that these functional connections reflected the integrity of the anatomical (i.e., white matter) connections from DLPFC and represented the degree to which participants could engage executive control over taskrelated regions Rypma & Prabhakaran, 2009 ). The present results support this hypothesis (see also Zhu, Johnson, Kim, and Gold, 2015) .
During both the DSST and symbol-digit modalities tasks, participants visually scanned and processed a set of digits and symbols and adjudicated a correct response as quickly as possible. In order for DLPFC to mediate efficient performance on these tasks, it must receive input from relevant visual areas and in turn modulate activity in relevant association and motor areas (see Miller & Cohen, 2001 ). In the current study, this was not the case for MS patients. Compared to HCs, MS patients Figure 3 . Healthy controls significant connectivity with left and right Brodmann's Area (BA 9). Clusters of association with left (right) and right (left) BA 9. Line represents significant connection with BA 9 (p ϭ 8.0 ϫ 10 Ϫ11 , k Ն 10). Node size reflects voxels retained in node. Number in node reflects Brodmann's Area. Node placement centered on proximal peak voxel, X and Y Talaraich coordinates. c ϭ caudate, p ϭ putamen, t ϭ thalamus, ϭ right BA 9, ϭ left BA 9, ϭ caudate, ϭ cingulate gyrus, ϭ inferior occipital gyrus, ϭ inferior parietal lobule, ϭ lingual gyrus, ϭ middle frontal gyrus, ϭ middle occipital gyrus, ϭ middle temporal gyrus, ϭ precuneus, ϭ posterior cingulate, ϭ putamen, ϭ supramarginal gyrus, ϭ superior frontal gyrus, ϭ superior temporal gyrus, ϭ thalamus. ϭ right BA 9, } ϭ left BA 9, ϭ cuneus, ϭ declive, ϭ inferior frontal gyrus, ϭ inferior occipital gyrus, ϭ inferior temporal gyrus, ϭ lingual gyrus, ϭ middle occipital gyrus, ϭ middle temporal gyrus, ϭ precuneus, ϭ precentral gyrus, ϭ putamen, ϭ superior frontal gyrus, ϭ superior parietal lobule. Note. Listed are anatomical regions (Nearest Brodmann's Area within 5 mm), Talaraich coordinates of the peak voxel in each cluster, voxel counts of each cluster, and the peak voxel independent-samples t-score of the peak voxel of each cluster. BA 9 ϭ Brodmann's Area 9. Significance was assessed at p ϭ .005, k Ն 23, familywise error rate Ͻ .05.
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showed attenuated functional connections between DLPFC and a network of nodes which are essential for efficient performance on the DSST and symbol-digit modalities tasks. The functions of these nodes included visual processing, visual search, object recognition, movement planning/initiation, motor execution, pre-and supplementary motor operations, and motor operations. We suggest and our results supported, that functional connectivity with DLPFC reflects executive communication with task-relevant nodes. Decreases in this communication resulted in increased cognitive slowing for MS patients.
Interactions among anatomically and functionally distinct brain regions give rise to cognition at many levels, including face perception (e.g., Haxby, Hoffman, & Gobbini, 2000) , speech perception (e.g., Hickok & Poeppel, 2000) , visual information processing (e.g., Rypma et al., 2006) , motor learning (e.g., Penhune & Steele, 2012) , working memory (e.g., Curtis & D'Esposito, 2003) , and reasoning (e.g., Shokri-Kojori, Motes, Rypma, & Krawczyk, 2012) .These processes require that spatially remote nodes activate in concert with one another (e.g., Fox et al., 2005; cf. Geshwind, 1965; Hebb, 1949; McClellan, 1985) . At the systems level, white matter integrity is known to predict network synchrony (see Uhlhaas, Roux, Rodriguez, Rotarska-Jagiela, & Singer, 2010) . Lesion burden was not significantly related to group-disparate connectivity; however, degradation of white matter microstructure, such as that incurred by patients with MS, is known to decrease the integrative properties of neural networks (cf. Honey et al., 2009) . Future work should examine the extent to which white matter microstructural insult (as measured by diffusion weighted imaging) might influence connectivity within executive networks in MS.
In the present study we showed that asynchrony within executive networks was predictive of slower processing speed in MS. This implicates executive neural systems in MS-related cognitive slowing. The extent to which alterations in executive functioning can account for the relationship between asynchrony within executive networks and slowed cognition for MS patients remains unknown. For example, Rypma and colleagues (2006) proposed that slower processing speed might not just be affected by DLPFC connectivity, but rather might be the product of increased executive monitoring requirements. Future research should address this question by assessing whether altered executive functioning mediates the relationship between asynchrony within executive networks and slowed cognition for MS patients. Note. Listed are anatomical regions (Nearest Brodmann's Area (BA) within 5 mm), Talaraich coordinates of the peak voxel in each cluster, voxel counts of each cluster, and the peak voxel independent-samples t-score of the peak voxel of each cluster. Significance was assessed at p ϭ .005, k Ն 23, familywise error rate Ͻ .05. This document is copyrighted by the American Psychological Association or one of its allied publishers.
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